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SUMMARY 

P lane ta ry  mission ana lys t s  a r e  c u r r e n t l y  concerned by 

t he  p o t e n t i a l  hazard t h e  Saturn  r i n g  system presents  t o  spacecra f t  

navigat ing  near  t h e  p lane t .  Uncertain knowledge of t he  physica l  

p rope r t i e s  of t h e  r i n g  system-has caused a  conservat ive a t t i t u d e  

t o  p r e v a i l ;  f o r  s a f e t y  f ly-by t r a j e c t o r i e s  have been const ra ined 

t o  pass w e l l  ou t s ide  t h e  r ings .  Since any inc rease  i n  our 

knowledge of t h e  r i n g  p rope r t i e s  would broaden t h e  range of 

p r a c t i c a l  opt ions ava i l ab l e  t o  Grand-Tour missions, f u r t h e r  s tudy 

has been made of i t s  s t r u c t u r e .  

E a r l i e r  dynamical and photometric s t ud i e s  of t h e  physica l  

s t r u c t u r e  of t h e  r i n g  system have been subjec ted  t o  d e t a i l e d  

c r i t i c i s m .  On t h e  b a s i s  of t h a t  c r i t i q u e ,  t h e  b e s t  of t h e  ava i l -  

a b l e  photometric da ta  have been re - in te rp re ted  i n  terms of t h e  

M i e  theory  of s c a t t e r i n g .  A new r i n g  model has been developed; 

t he  su r f ace  dens i ty  ( i . e .  t h e  f r a c t i o n  of t he  r i n g  plane covered 

by p a r t i c l e s  i n  a  perpendicular  p ro jec t ion)  appears t o  be less than 

u n i t y  throughout,and t h e  p a r t i c l e s  appear t o  be i c e  c r y s t a l s  of 

c h a r a c t e r i s t i c  radius  rV 0 . 1 ~ .  NO r e l i a b l e  information has been 

obtained concerning t h e  probable s i z e - d i s t r i b u t i o n  of t h e  p a r t i c l e s .  

Caution must be exerc ised  i n  es t imat ing  t h e  implied 

nav iga t iona l  hazard s i nce  t h e  r i n g  model cannot be considered f i n a l .  

Even so, t h e  probable e f f e c t  on a  TOPS-class spacecra f t ,  i n t e r -  

s e c t i n g  t h e  densest  r eg ion  of t h e  r i n g  system, while  on a  

&plane t  (JSUN) Grand-Tour mission, has been s tudied .  Ind iv idua l ly ,  

p a r t i c l e  impacts should cause neg l i g ib l e  damage s ince  t he  TOPS 

design c a l l s  f o r  t h e  spacec ra f t  t o  withstand impacts by p a r t i c l e s  

of mass less than loo2  gm s t r i k i n g  a t  20 kms s ec - l ;  t he  r i n g  

p a r t i c l e s  a r e  of mass - 10-l5 gm, while  t h e  r e l a t i v e  spacecraf t -  

p a r t i c l e  v e l o c i t y  i s  - 10 km sec-'. Co l lec t ive ly ,  t h e  r i n g  

p a r t i c l e s  w i l l  reduce t h e  spacecra f t  v e l o c i t y  by - 0.4 m sec - I  
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through in terchange  of momentum. On t h e  b a s i s  of c u r r e n t  
knowledge, t h e  r i n g  system probably does n o t  represent a 
s i g n i f i c a n t  hazard f o r  Grand-Tour missions.  
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INTRODUCTION 

During t h e  decade of t h e  70's t h e  United S t a t e s  w i l l  

launch unmanned s c i e n t i f i c  missions towards every p lane t  i n  t h e  
s o l a r  system. Current plans t o  send spacecra f t  on mul t ip le  
p l ane t  t ou r s  beyond J u p i t e r  have prompted a resurgence of 
s c i e n t i f i c  i n t e r e s t  i n  t h e  ou te r  p lane t s .  Long neglected, t h e i r  

s tudy i s  expected t o  be a cornerstone i n  our understanding of 
both  t h e  o r i g i n  and t h e  evo lu t ion  of t h e  s o l a r  system. Of 

p a r t i c u l a r  i n t e r e s t  i s  t h e  Saturn  r i n g  system, a unique f e a t u r e  

of t h e  s o l a r  system whose very  ex i s tence  demands explanation. 
Undoubtedly, high p r i o r i t y  w i l l  be given t o  t he  s tudy of t h e  
r i ngs  i n  any Sa tu rn  mission. 

Study of t h e  physica l  s t r u c t u r e  of t he  r i n g  system i s  

t imely  on s eve ra l  counts.  F i r s t ,  p lane ta ry  mission ana lys t s  
a re  c u r r e n t i y  concerned by t h e  p o t e n t i a l  hazard t h e  r i ngs  
p resen t  t o  spacecra f t  navigat ing  near  t h e  p lane t .  Uncertain 

knowledge of t h e  physica l  p rope r t i e s  of t h e  system has caused 
a conservat ive  a t t i t u d e  t o  p r eva i l .  For s a f e ty ,  f ly-by 
t r a j e c t o r i e s  have been const ra ined t o  pass we l l  outs ide  t h e  
r ings .  Any inc rease  i n  our knowledge of t h e  r i n g  p roper t i e s  
would broaden t h e  range of p r a c t i c a l  opt ions ava i l ab l e  f o r  

Grand-Tour missions. Second, before  any spacecra f t  experiments 

a r e  proposed f o r  t he  s tudy of t h e  r ings ,  it i s  e s s e n t i a l  t h a t  
a l l  information pos s ib l e  has been gleaned from ground-based 
observat ions.  Only then can t h e  s c i e n t i f i c  value of any Saturn  
mission be maximized. 

New resea rch  on t h e  physica l  s t r u c t u r e  of t h e  r i n g  system 
i s  presented  i n  t h i s  paper. Sect ion  2 provides a review of 
e a r l i e r  dynamical and photometric s t ud i e s .  A c r i t i q u e  i s  given 
of ground-based photometric techniques f o r  i n f e r r i n g  t he  r i n g  

p roper t i e s .  Present  knowledge of t h e  r i n g  s t r u c t u r e  i s  shown 
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to be both meagre and unreliable. In Section 3, Mie scattering 
theory is used to derive a new ring model from the best existing 

photometric data. Section 4 contains a brief discussion of the 
potential hazard the ring system presents to spacecraft. The 

conclusions of the report are contained in Section 5. 
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REVIEW OF EARLIER STUDIES 

Although t h e  e x i s t e n c e  of t h e  Sa tu rn  r i n g  system has 

been known f o r  300 years ,  our understanding of i t s  b a s i c  n a t u r e  

stems from t h e  t h e o r e t i c a l  paper by MAXWELL (1859) on t h e  

s t a b i l i t y  of t h e  system. H i s  r e s u l t s  i n d i c a t e d  t h a t  n e i t h e r  

a  s o l i d - r i n g  hypothesis  nor  a  l i q u i d - r i n g  hypothesis  was t enab le ,  

and suggested t h a t  t h e  r i n g s  c o n s i s t  of a  mul t i tude  of i n d i v i d u a l  

p a r t i c l e s ,  each one pursuing a  s e p a r a t e  o r b i t  around t h e  p l a n e t .  

SEELIGER (1887, 1893) showed t h a t  t h e  l i q u i d - r i n g  hypothesis  was 

i n v a l i d  because of t h e  r e f l e c t i o n  p r o p e r t i e s  of t h e  r i n g s .  The 

p a r t i c l e  theory  was confirmed s p e c t r o s c o p i c a l l y  by KEELER (1895) 

who observed a  Doppler e f f e c t ,  corresponding t o  d i f f e r e n t i a l  

r o t a t i o n ,  i n  t h e  s o l a r  spectrum r e f l e c t e d  by t h e  r i n g s .  De ta i l ed  

spec t roscop ic  s t u d y  of t h e  r i n g s  was made by CAMPBELL (1896) who 

showed t h a t ,  throughout t h e  system, t h e  o r b i t s  of t h e  p a r t i c l e s  

a r e  Kepler ian  and n e a r l y  c i r c u l a r .  

S ince  t h e  t u r n  of t h e  century ,  t h e  most s i g n i f i c a n t  

r e s e a r c h  on t h e  dynamics of t h e  r i n g  system has been c a r r i e d  

out  by COOK and FRANKLIN (1964, 1966). I n  a  thorough r e d i s c u s s i o n  

of  Maxwell's c l a s s i c  paper ,  t h e y  der ived  a n  upper l i m i t  t o  t h e  

volume d e n s i t y  of t h e  r i n g s .  Thei r  s t u d i e s  showed t h a t  t h e  r i n g  

system should d e f i n i t e l y  be s t a b l e  i f  t h e  d e n s i t y  i s  l e s s  t h a n  

0.18 gm.cm-3, b u t  uns tab le  i f  t h e  d e n s i t y  i s  g r e a t e r  than  

1.04 gm.cmm3. 

Using dynamical arguments, JEFFREYS (1947) poin ted  out  

t h a t  t h e  r i n g  system should have evolved i n t o  a  s i n g l e  l a y e r  of 

p a r t i c l e s  spaced j u s t  s u f f i c i e n t l y  f a r  a p a r t  t h a t  c o l l i s i o n s  no 

longer  occur. Recently,  FRANKLIN and COLOMBO (1970) developed 
a  dynamical model f o r  t h e  r a d i a l  s t r u c t u r e  of S a t u r n ' s  r i n g s .  

Assuming t h e  r i n g  system t o  be  a  c o l l i s i o n l e s s  monolayer of 

p a r t i c l e s ,  they  showed t h a t  i t s  major r a d i a l  s t r u c t u r e  f e a t u r e s  

could  be expla ined  a s  t h e  r e s u l t  of g r a v i t a t i o n a l  p e r t u r b a t i o n s  

by t h e  two s a t e l l i t e s  Mimas and T i t an .  
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TABLE I 

GROUND-BASED PHOTOMETRIC STUDY OF 

THE SATURN RlNG SYSTEM 

EDGE-ON VISIBILITY AND DIAMETER OF 

OPTICAL THICKNESS OF RING AS FUNCTION 
STELLAR AND SATELLITE OF RADIAL AND LONGITUDINAL POSITION IN 
OCCULTAT IONS SYSTEM ; DISTRIBUTION OF PARTICLES IN 

RlNG PLANE 

SURFACE BRIGHTNESS AS 
FUNCTION OF: 

I. RADIAL AND LONGITUDINAI,- 
POSITION IN RING RING SYSTEM 

2. PHASE ANGLE (SUN-SATURN- PHASE SCATTERING FUNCTION OF RING 
EARTH): RANGE 56' PARTICLES ; MUTUAL SHADOWING BY RING 

3. SOLAR ILLUMINATION ANGLE MUTUAL SHADOWING BY RING PARTICLES 
(SATURNICENTRIC DECLINATION 
OF SUN) RANGE 2 27' 

SCATTERING PHASE FUN 
POLARIZATION PARTICLES ; ALIGNMENT OF PARTICLES 

IN RlNG PLANE 

COMPOSITION OF RlNG PARTICLES ; 
SPECTROSCOPIC SIZE OF PARTICLES IN RELATION 

TO WAVELENGTH OF INCIDENT 



FIGURE 1. POLAR VIEW OF SATURN AND ITS RING SYSTEM 
( RS = EQUATORIAL RADIUS OF SATURN) 



None of t h e  dynamical s t ud i e s  has been ab l e  t o  provide 

r e l i a b l e  es t imates  of t h e  physica l  p rope r t i e s  of t he  ind iv idua l  

r i n g  p a r t i c l e s .  I n  t h e  b e s t  attempt t o  da te ,  FRANKLIN and 

COLOMBO (1970) derived a p a r t i c l e  radius  5 LOO meters, bu t  t h e i r  

r i n g  model was h ighly  idea l i zed .  A s  a r e s u l t ,  u n t i l  spacecra f t  

c a r r y  out  -- i n  s i t u  sampling of t h e  r i n g  system, we must r e l y  

p r imar i ly  on photometric s t u d i e s  t o  i n f e r  t h e  physica l  p roper t i e s  

of t h e  ind iv idua l  p a r t i c l e s .  From Ear th  r e l a t i v e l y  few types of 

photometry can be app l ied  t o  Saturn ' s  r i ngs .  Table I summarizes 

t h e  p o s s i b i l i t i e s  and t h e  information t o  be gained from each, 

The d i f f e r e n t  types of photometry a r e  discussed more f u l l y  below. 

For subsequene reference ,  a schematic diagram of t h e  r i n g  system 

i s  presented  i n  Figure 1. The t h r e e  major components of t h e  

system, r i ngs  A,  B and C,  a r e  shown together  wi th  ~ a s s i n i ' s  

d iv i s ion .  Dimensions of t h e  system a r e  taken f r o  

Obsertrations of the risz sys tem edze-on a 

every 15 years  when t h e  E a r t h  passes through t h e  r i n g  plane. 

On a number of occasions during t h e  p a s t  100 years ,  measurements 

of t h e  edge-on " v i s i b i l i t y "  of t h e  r i ngs  have been used t o  i n f e r  

t h e i r  v e r t i c a l  th ickness .  Near t h e  t u r n  of t h e  century,  es t imates  

of t h e  thickness were der ived from v i s u a l  observat ions made by 

experienced observers  us ing r e f r a c t i n g  te lescopes  of l a r g e  

ape r tu r e ,  Spec i f i c a l l y ,  BARNARD (1891) obtained a thickness of 

l e s s  than  about 75 km; RUSSELL (1908) obtained l e s s  than 21 km; 

and BELL (1919) obtained l e s s  than 15 km. For 50 years   ell's 
upper l i m i t  s tood a s  t h e  b e s t  es t imate  ava i l ab le .  Recently, 

however, renewed at tempts  have been made t o  determine t h e  r i n g  

th ickness  using photographic photometry. During 1966, when t h e  

r i ngs  were edge-on t o  t h e  Ear th ;  worldwide observat ions were 

c a r r i e d  out .  Typical  of t h e  r e s u l t s  obtained were those by 

KILADZE (1967) and by FOCAS and DOLLFUS (1969) who derived a 

r i n g  th ickness  of 0.9 - + 0.6  Krn. and 2.8 + 1.5 km., r espec t ive ly .  - 
But, i n  s p i t e  of t h e  e f f o r t s  made t o  measure t he  edge-on 
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" v i s i b i l i t y "  accurate ly ,  the  inkerpre ta t ion  must necessar i ly  be 

imprecise. Unless the  r ings  a r e  exac t ly  planar,  edge-on 

" v i s i b i l i t y "  w i l l  depend not only on the  v e r t i c a l  thickness of 

the  system but  a l s o  i n  i t s  degree of f l a tnes s .  Edge-on 

observations can, therefore ,  provide only the  crudest  upper 

l i m i t s  t o  both, 
Observations of t he  occul ta t ions  of s t a r s ,  and of an 

e c l i p s e  of t h e  s a t e l l i t e  Iapetus by the  r i n g  system, have 

shown t h a t  a l l  t h r ee  of i t s  components ( r ings  A, B and C) a r e  

t rans lucent .  The ava i l ab l e  observations have been thoroughly 

reviewed by COOK and FUNKLIN (1958), Rough est imates of the  

o p t i c a l  thickness of the  r i n g  system have been obtained from 

s t e l l a r  occul ta t ions ,  the  most important occurring on 1920 

March 14 when observers i n  t he  Union of South Africa 

(REID e t  a l ,  1920 a ,  b) and i n  India  (BHASKARAN, 1920) followed 

the  passage of BD + 11" 2269 behind r ings  A and B. Using a 

con t r a s t  argument based on the  assumption t h a t  t he  d j - f f rac t ion  

d i sk  of the  s t a r  could be seen i f  i t s  brightness were 1 percent 

of t he  surrounding r ing,  Cook and Frankl in  estimated the  o p t i c a l  

thickness of r i n g  B t o  be 0.59. Rel iable  observations e x i s t  f o r  

only one o ther  s t e l l a r  occul ta t ion.  On 1917 February 9, 

AINSLIE (1917 a ,  b) and KNIGHT ( i n  AINSLIE and KNIEH'T, 1917) 

observed the  occu l ta t ion  of 212B Geminorum by r i n g  A. During 

occul ta t ion,  the  s t a r  remained c l e a r l y  v i s i b l e  t o  both observers,  

demonstrating the  transparency of r i n g  A. No usefu l  es t imate  

could, however, be made of i t s  o p t i c a l  thickness.  Cook and 

Frankl in  derived perhaps a b e t t e r  est imate f o r  the  o p t i c a l  

thickness of r i n g  B from observations by BARNARD (1890) of the  

1889 November 1-2 e c l i p s e  of Iapetus by the  shadow of t he  r ings .  

They a l s o  determined the  o p t i c a l  thickness of r i ng  C a s  a 

funct ion of r a d i a l  d is tance  from Saturn. I n  a de t a i l ed  ana lys i s  

of Barnard's observations, Cook and Frankl in  took i n t o  account 

not only the  e f f e c t s  of the  f i n i t e  s i z e s  of the  sun and s a t e l l i t e ,  
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but  a l s o  s o l a r  limb - darkening and the  r e f l e c t i o n  proper t i es  

of t h e  s a t e l l i t e .  Their b e s t  est imate of the  o p t i c a l  thickness 

of r i n g  B was 0.58, w i th  a lower l i m i t  of 0.45 and an upper 

l i m i t  of i n f i n i t y .  DEIRMENDJIAN (1969) has c r i t i c i s e d  t h e i r  

ana lys i s  on the  grounds t h a t  it depends on ad hoc assumptions 

concerning the  r e f l e c t i v i t y  of the  s a t e l l i t e ,  the  unknown t rans-  

mission proper t i es  of the  r i n g  i t s e l f ,  and the  nature  of the  

shadow it produces. Cook and Frankl in  a l s o  b r i e f l y  discussed 

a s tudy by BOBROV (1952) of the  translucency of r i n g  B which 

was based on the  v i s i b i l i t y  of the  b a l l  of t he  p lanet  through 

the  r ing .  From ana lys i s  of photographic data  obtained by 

CAMICHEL (1946),Bobrov derived an average o p t i c a l  thickness 

of r i n g  B of 0.7. After  discussing the  o r i g i n a l  data  wi th  

Camichel, Cook and Frankl in  concluded t h a t  Bobrov's i n t e r -  

p r e t a t i o n  was unsound. I n  p r inc ip le ,  s tudy of t he  v i s i b i l i t y  

of t h e  b a l l  of t he  p lanet  through the  r ings  could provide usefu l  

inforrnacion on the  o p t i c a l  thickness of the  system. So f a r ,  

however, t he  ava i l ab l e  observational  data a r e  too imprecise 

f o r  such a s tudy t o  be useful .  

I n  s p i t e  of t he  e f f o r t s  made t o  r e l i a b l y  determine the  

o p t i c a l  thicknesses of the  r ings  from s t e l l a r  occul ta t ions ,  a l l  

analyses t o  da te  s u f f e r  from a fundamental weakness. A l l  a r e  

based on lleye-ball 'l  est imates of t he  brightness of t he  s t a r  

aga ins t  t he  b r i g h t  background of the  r i n g  system. Such obser- 

va t ions  a r e  notor iously  d i f f i c u l t  t o  make accurately.  Being 

based e n t i r e l y  on the  sub jec t ive  judgement of the  observer, 

they may w e l l  con ta in  ser ious  systematic e r ro r s .  Observations 

of t he  ec l ip se  of Iapetus must a l s o  be t r e a t e d  wi th  reservat ion.  

Even though Barnard was unsurpassed as  a  v i s u a l  observer, the  

s a t e l l i t e  i s  d i f f i c u l t  t o  see  s o  near the  p lane t  because i t  i s  - 
i n t r i n s i c a l l y  very  f a i n t  (apparent magnitude 10- 12).  Unt i l  

such time a s  ob jec t ive  (photoelect r ic)  photometry can confirm 

or  replace  t h e  v i s u a l  observations, we must assume t h a t  our 

cu r r en t  knowledge of the  o p t i c a l  t ransmission proper t i es  of t he  
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r i n g  system i s  very  uncer ta in ,  I n  f a c t ,  a t  t he  p resen t  t i m e ,  a l l  

we  can  say  w i th  c e r t a i n t y  i s  t h a t  t h e  r i ngs  a r e  p a r t i a l l y  

t r ans lucen t .  Unfortunately,  occu l ta t ions  of b r i g h t  s t a r s  a r e  

too  r a r e  f o r  t h i s  s i t u a t i o n  t o  improve rap id ly ,  Elementary 

considera t ions  of t h e  motion of Sa tu rn  aga ins t  t h e  s t e l l a r  back- 
ground i n d i c a t e  t h a t  t h e  r i n g  system occu l t s  a  s t a r  b r i g h t e r  

than apparent  v i s u a l  magnitude 8 only once i n  20  years .  

Many observat ions a t  v i s u a l  wavelengths have been made 

of t h e  v a r i a t i o n  of t h e  surface  b r igh tness  of t he  r i n g  system 

a s  a  f unc t i on  of r a d i a l  d i s t ance  from t h e  p lanet .  DOLLFUS (1961 b)  

has presented  t h e  most d e t a i l e d  and r e l i a b l e  r e s u l t s  t o  da te ,  

based on bo th  v i s u a l  and photographic photometry of t h e  r i ngs .  

The b r igh tness  p r o f i l e  he obtained may be used t o  s tudy t he  

r a d i a l  d i s t r i b u t i o n  of ma te r i a l  throughout t h e  r i n g  system. 

Measurements of t h e  su r face  br ightness  a s  a  func t ion  

of phase angle  have shown t h e  ex i s t ence  of a  pronounced phase 

e f f e c t ,  t h e  r i n g s  br ightening dramat ica l ly  near  opposi t ion.  

FRANKLIN and COOK (1965) have determined two co lo r  (blue and 

yellow) phase curves f o r  each of t h e  b r i g h t  r ings ,  A and B, 

using pho toe l ec t r i c  and photographic photometry. Their  photometry 

i s  among t h e  most accura te  c a r r i e d  out  on t he  r i n g  system t o  

date ,  and t h e  phase curves they obtained may be considered 

d e f i n i t i v e .  Two d i s t i n c t  o p t i c a l  phenomena combine t o  produce 

t he  phase e f f e c t ,  mutual shadowing by t he  ind iv idua l  r i n g  

p a r t i c l e s  and t h e i r  c h a r a c t e r i s t i c  s c a t t e r i n g  phase funct ions .  

F rank l in  and Cook analyzed t h e i r  observat ions using, bo th  

s epa ra t e ly  and i n  combination, a  soph i s t i c a t ed  model f o r  

mutual shadowing and a  s c a t t e r i n g  model based on t he  Glory 

phenomenon. Their  ana lys i s  produced two poss ib le  r i n g  models. 

Model I c o n s i s t s  of a  r i n g  of unknown thickness composed of 

p a r t i c l e s  of unknown radius  w i th  su r f ace  i r r e g u l a r i t i e s  of 

c h a r a c t e r i s t i c  s i z e  7 p; t he  f r a c t i o n  of t h e  r i n g  volume 
3 occupied by p a r t i c l e s  i s  10- . Model I1 cons i s t s  of a  r i n g  

of th ickness  between 3 crns and 10 crns, composed of p a r t i c l e s  
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of average rad ius  - 300 p; t h e  f r a c t i o n  of t h e  r i n g  volume 
3 occupied by p a r t i c l e s  i s  N 5 x 10- . Although Model I gave 

t h e  b e t t e r  agreement wi th  t h e  observat ions,  Frankl in  and Cook 

were -unable t o  determine which, i f  e i t h e r ,  model was co r r ec t .  

Fundamental t o  t h e i r  ana ly s i s  was eva lua t ion  of t h e  r e l a t i v e  

con t r ibu t ions  of mutual shadowing and s c a t t e r i n g  t o  t he  observed 

phase e f f e c t .  But t h e  r e l a t i v e  importance of these  phenomena 

cannot be determined unambiguously without  a  separa te  s tudy of 

mutual shadowing alone,  not  poss ib le  a t  t h a t  time because of 

t h e  l ack  of r e l evan t  observat ional  da ta .  Frankl in  and Cook's 

ana ly s i s  a l s o  su f f e r ed  because of incomplete t reatment  of t h e  

shadowing and s c a t t e r i n g  p rope r t i e s  of small  p a r t i c l e s .  

Consequently, t h e  r e s u l t s  obtained were neces sa r i l y  inconclusive,  

and t h e  s t r u c t u r e  of t h e  r i n g  system remains very much an open 
=s 

cfues t i o n .  

P o t e n t i a l l y ,  measurements of t h e  v a r i a t i o n  of t h e  su r f ace  

b r igh tness  of t h e  r i n g  system as  a  func t ion  of s o l a r  i l lumina t ion  

angle can provide valuable  information on t h e  phenomena of mutual 

shadowing and mul t ip le  s c a t t e r i n g  by t h e  ind iv idua l  p a r t i c l e s .  

Published data  by CAMICHEL (1958) and by FOCAS and DOLLFUS (1969), 

I based on photographic photometry only, a r e  meagre and imprecise. 

Nevertheless,  LUMME (1970) has used these  data t o  i n f e z  a  maximum 

perpendicular  o p t i c a l  thickness of t h e  r i n g  system ( r i ng  B) a t  

v i s u a l  wavelengths of 1.25. H i s  ana lys i s  i s  open t o  ques t ion  

I 
because,not only i s  t h e  agreement between theory and observat ion 

poor e s p e c i a l l y  a t  low s o l a r  i l l umina t i on  angles,  bu t  a l s o  t h e  

s c a t t e r i n g  theory  used may be inappropr ia te .  The theory of 

IgI s c a t t e r i n g  by a  f i n i t e ,  plane p a r a l l e l ,  homogeneous l aye r  i s  not  

s t r i c t l y  app l icab le  i f  t h e  r i n g  p a r t i c l e s  a r e  confined t o  a  

a I c l o s e l y  p lanar  monolayer. 

: Po la r i za t i on  measurements of t h e  r i n g  system, c a r r i e d  
1 out by LYOT (1929), have been reviewed by DOLLFUS (1961 a ) .  A t  

! seve ra l  appar i t ions  of Saturn, Lyot measured the  degree and 

I 
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d i r e c t i o n  of p o l a r i z a t i o n  of each of t h e  b r i g h t  r i n g s ,  A and B, 

a s  a  f u n c t i o n  of phase angle.  H i s  measurements from one 

oppos i t ion  t o  t h e  next  were c o n s i s t e n t  f o r  r i n g  B, bu t  not  f o r  

r i n g  A. Both ansae of r i n g  B showed a  s l i g h t  va r i a t io f i  of 

p o l a r i z a t i o n  w i t h  phase angle ,  t h e  degree of p o l a r i z a t i o n  vary ing  

from z e r o  ( a t  ze ro  phase) t o  never more than  0.5 percent .  A t  
a l l  t imes t h e  p o l a r i z a t i o n  was negat ive ,  t h e  p re fe r red  p lane  of 

v i b r a t i o n  being perpendicular  t o  t h e  p lane  of v i s i o n .  New 

measurements secured by Dollfus  s i n c e  1958 revealed  more d e t a i l s .  

He  found t h a t  t h e  d i r e c t i o n  of p o l a r i z a t i o n  changed along t h e  

r i n g .  For each va lue  of t h e  phase angle ,  t h e  p o l a r i z a t i o n  could  

be assumed t o  be comprised of two c o n t r i b u t i o n s ,  one cons tan t  

a long t h e  r i n g  i n  amount and d i r e c t i o n ,  t h e  o t h e r  r o t a t i n g  along 

t h e  r i n g .  The d i r e c t i o n  of t h e  l a t t e r  component was found t o  be  

e i t h e r  p a r a l l e l  o r  perpendicular  t o  t h e  tangent  t o  t h e  r i n g ,  

depending on t h e  phase angle .  Dollfus  at tempted t o  e x p l a i n  t h i s  

e f f e c t  i n  terms of t h e  o r i e n t a r i o n  and s u r f a c e  s t r u c t u r e  of t h e  

r i n g  p a r t i c l e s .  Recent experience by HALL (1970) suggests ,  however, 

t h a t  a l l  t h e s e  p o l a r i z a t i o n  measurements may be spurious.  HALL 

and RILEY (1969) have shown t h a t  t h e  l i g h t  from t h e  d i s k  of 

Sa tu rn  i s  s t r o n g l y  p o l a r i z e d  i n  t h e  limb regions ,  l e s s  s o  n e a r e r  

t h e  c e n t e r  of t h e  d i sk .  They p o i n t  out  t h a t  l i g h t  from t h e  b a l l  

of t h e  p l a n e t  s c a t t e r e d  i n  t h e  o p t i c a l  system of t h e  t e l e scope  

contaminates p o l a r i z a t i o n  measurements of t h e  r ing .  A l l  po lar -  

i z a t i o n  s t u d i e s  of t h e  r i n g  t o  d a t e  must, t he re fo re ,  be t r e a t e d  

w i t h  cons ide rab le  caut ion .  

S tud ies  by PILCHER e t  a 1  (1970) of t h e  i n f r a r e d  s o l a r  

spectrum r e f l e c t e d  by t h e  r i n g  system have ind ica ted  t h a t  water- 

i c e  i s  a  c o n s t i t u e n t  of t h e  i n d i v i d u a l  p a r t i c l e s .  Recent high 

r e s o l u t i o n  spectrophotometry i n  t h e  wavelength reg ion  1-5 p, 

c a r r i e d  ,out  by KUIPER, CRUIKSHANK and -FINK (1970 a ,  b)  , shows 

s t r o n g  absorp t ion  bands corresponding t o  those  produced by  

wa te r - i ce  a t  t h e  temperature of t h e  r i n g  mate r i a l .  E a r l i e r  low 
r e s o l u t i o n  s t u d i e s  of absorp t ion  f e a t u r e s  i n  t h e  wavelength 
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regions near  1 p and 1.5 y, made by OWEN (1965) and KUIPER (1952) 

respec t ive ly ,  had suggested t h a t  i c e  might be p resen t  i n  t h e  r ings .  

Data on t h e  i n f r a r e d  r e f l e c t i v i t y  of t h e  r i ngs  a r e  not ,  however, 

s u f f i c i e n t  t o  determine whether t h e  r i n g  p a r t i c l e s  are-composed 

e n t i r e l y  of i c e ,  o r  merely covered by a  t h i n  l aye r  of f r o s t .  

Recently, LEBOFSKY, JOHNSON AND McCORD (1970) measured 

t h e  s p e c t r a l  r e f l e c t i v i t y  of r i ngs  A and B i n  t h e  wavelength 

range 0.3 - 1.05 u ,  and i n t e rp re t ed  t h e i r  r e s u l t s  i n  terms of 

compositional impl ica t ions  f o r  t h e  r i n g  mate r ia l .  They found 

t h a t  t h e  r e f l e c t i v i t y  decreases sharp ly  towards b lue  and u l t r a -  

v i o l e t  wavelengths, i n  t h e  same manner f o r  both  r i n g s ,  On t h e  

expecta t ion  t h a t  a  pure water  f r o s t  would have a  f l a t  r e f l e c t i o n  

spectrum i n  t he  v i s u a l  region,  Lebofsky e t  a 1  suggest t h a t  t he  

r i n g  p a r t i c l e s  must be composed of ma te r i a l  o the r  than pure i c e ,  

perhaps frost-covered s i l i c a t e s .  Their  i n t e r p r e t a t i o n  d id  not ,  

n s ide r  t h e  i n f  luence of p a r t i c l e - s i z e  on s p e c t r a l  

41. 
Clear ly ,  s tudy of t h e  o p t i c a l  p rope r t i e s  of t h e  r i n g  

system i s  s t i l l  i n  i t s  infancy. Very few accura te  observat ional  

da ta  e x i s t ,  and almost none has been r e l i a b l y  in te rp re ted .  Of 

t h e  various types of photometric observat ions made t o  da te ,  t h e  

most u se fu l  f o r  determining t he  phys ica l  s t r u c t u r e  of t h e  r i n g  

system a r e  measurements of t he  su r face  br ightness  a s  a  func t ion  

of s o l a r  i l l umina t i on  angle,  phase' angle,  and r a d i a l  d i s t ance  

from t h e  p lanet .  I n  t h e  next  sec t ion ,  t h e  b e s t  of these  data  

a r e  used t o  develop a  new r i ng  model. Observations of t h e  
s p e c t r a l  r e f l e c t i v i t y  of t h e  r ings  i n  t h e  v i s u a l  region a r e  

used t o  t e s t  t h e  v a l i d i t y  of the  model. 
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RING MODEL 

Three parameters descr ibe  t h e  ba s i c  physica l  s t r u c t u r e  

of t h e  r i n g  system: 

1. The su r f ace  dens i ty ,  a s  a  func t ion  of r a d i a l  
d i s t ance  from t h e  p lane t .  Surf ace dens i ty  

i s  defined l o c a l l y  a s  t h e  f r a c t i o n  of t h e  r i n g  

su r f ace  phys ica l ly  covered by p a r t i c l e s  f o r  a  

p r o j e c t i o n  perpendicular  t o  t h e  r i n g  plane. 

2. The chemical composition of t h e  p a r t i c l e s .  

3.  The c h a r a c t e r i s t i c  s i z e ,  and s i z e  d i s t r i b u t i o n  

of t h e  p a r t i c l e s ,  

ce i n ill- 

To perform a  t h e o r e t i c a l  ana ly s i s  of t h e  o p t i c a l  

s c a t t e r i n g  p rope r t i e s  of t h e  r i n g  system, w e  must f i r s t  adopt 

a  d e s c r i p t i o n  of t h e  probable d i s t r i b u t i o n  of p a r t i c l e s  both  i n ,  

I and perpendicular  t o ,  t h e  r i n g  plane.  From t h e  dynamical s t ud i e s  

discussed e a r l i e r ,  we w i l l  assume t h a t  t h e  r i n g  system c o n s i s t s  

of a  uniform, p lanar  monolayer of p a r t i c l e s ,  and t h a t  t he  su r face  

dens i t y  i s  everywhere low ( i . e .  much l e s s  than un i t y ) .  The 

perpendicular  e x t i n c t i o n  o p t i c a l  th ickness  of t h e  system w i l l  
t h e r e fo re  be smal l  throughout. So t he  r i ngs  should appear 

o p t i c a l l y  t h i n  unless  nea r ly  edge-on t o  both  t h e  sun and Ear th .  

Following t h e  spectrophotometric de t ec t i on  of water- ice w i th in  

t h e  r i n g  system, t h e  ana ly s i s  w i l l  be based on t h e  assumption 

' t h a t  t he  p a r t i c l e s  a r e  c l e a r  ice-spheres of uniform but  

a r b i t r a r y  rad ius .  
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The surface  densi ty ,  S, ( i . e .  the  perpendicular geometrical 

o p t i c a l  thickness)  can be wr i t t en :  

where N i s  the  t o t a l  number of p a r t i c l e s  i n  t he  r ing ,  A i s  the  

su r f ace  area  of the  system, and r i s  the  radius  of each p a r t i c l e .  

Fur ther ,  w e  can w r i t e  the  apparent surface  densi ty ,  SApparent, 

( i . e .  t he  perpendicular ex t inc t ion  o p t i c a l  thickness)  as  

where KEX i s  the  e x t i n c t i o n  e f f i c i ency  of each p a r t i c l e .  From 

the  MIE (1908) theory of s ca t t e r ing ,  KEX depends only on the  

r e f r a c t i v e  index and s i z e  of the  p a r t i c l e  i n  r e l a t i o n  t o  the  

wavelength - of the  inc iden t  rad ia t ion .  

Because of t he  probable geometrical d i s t r i b u t i o n  of r i ng  

p a r t i c l e s ,  we can conf ident ly  expect both mutual shadowing and 

mul t ip le  s c a t t e r i n g  t o  be i n s ign i f i can t  everywhere i n  t he  system 

when the  s o l a r  i l lumina t ion  angle, 8, i s  la rge .  Primary sca t t e r ing  

alone should then provide an adequate descr ip t ion  of t he  manner 

i n  which the  r i n g  system s c a t t e r s  the  incident  sun l igh t .  Since 

Frankl in  and Cook observed i n  1959 when the  r i n g  system was wide 

open (8 -- 26"), the  phase e f f e c t  they recorded must have resu l ted  

almost i f  not e n t i r e l y  from the  s c a t t e r i n g  phase funct ion of the  

ind iv idua l  p a r t i c l e s .  Supporting evidence t h a t  t h i s  i s  so  comes 

from Frankl in  and cook1 s own analys is  of t h e i r  observations. They 

found t h a t  although the  sur face  brightnesses of r ings  A and B 

were very  d i f f e r e n t ,  t he  r a t i o  was independent of both phase 

angle and wavelength. Further  evidence i s  provided by the  

measurements of LEBOFSKY, JOHNSON and McCORD (1970) of the  

s p e c t r a l  r e f l e c t i v i t i e s  of r i n g  A and B. Both r ings  showed ' the  

same v a r i a t i o n  of r e f l e c t i v i t y  wi th  wavelength. Both s e t s  of 

observations may be explained i n  terms of the  s c a t t e r i n g  
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p r o p e r t i e s  of t h e  i n d i v i d u a l  p a r t i c l e s  if t h e  r i n g  system were 

everywhere o p t i c a l l y  t h i n ,  and if t h e  p a r t i c l e s  have t h e  same 
shape, composition and s i z e - d i s t r i b u t i o n  i n  both  r i n g s .  Surface  
b r i g h t n e s s  must t h e n  be d i r e c t l y  p ropor t iona l  t o  t h e  l o c a l  
concen t ra t ion  of p a r t i c l e s ;  d i f f e r e n c e s  i n  t h e  s u r f a c e  b r igh tness  
of each r i n g  w i l l  r e s u l t  from d i f f e r e n c e s  i n  t h e  s u r f a c e  dens i ty .  
The FRANKLIN and COOK (1965) photometry of t h e  phase e f f e c t  may, 
t h e r e f o r e ,  be used d i r e c t l y  t o  i n f e r  t h e  b a s i c  o p t i c a l  s c a t t e r i n g  
p r o p e r t i e s  of t h e  i n d i v i d u a l  r i n g  p a r t i c l e s .  

To show how t h e  o p t i c a l  p r o p e r t i e s  of t h e  i n d i v i d u a l  
p a r t i c l e s  can be s o  i n f e r r e d ,  we w i l l  begin by r e l a t i n g  t h e  
monochromatic s c a t t e r i n g  e f f i c i e n c y  of t h e  system a s  a  whole, 
t o  ground-based photometry of t h e  phase e f f e c t .  Denoting t h e  
monochromatic s o l a r  f l u x  a t  Sa tu rn  a s  ~ i ~ ~ ~ ~ ~ ,  t h e  monochromatic 

luminos i ty  of t h e  sun a s  La, and t h e  Saturn-sun d i s t a n c e  a s  

R ~ a t u r n 9  we have 

0 Simi la r ly ,  i f  FEarth i s  t h e  monochromatic s o l a r  f l u x  a t  t h e  

Earth,  and REarth i s  t h e  Earth-sun d i s t ance ,  we have 

Denoting t h e  t o t a l  monochromatic r a d i a t i o n  f l u x  s t r i k i n g  t h e  r i n g  
a s  3° SaturnJ  and t h e  S a t u r n i c e n t r i c  d e c l i n a t i o n  of t h e  sun as:€),  
we have 

70 - 0 
J Sa tu rn  - F ~ a t u r n  . A .  s i n  €I (5 ) 
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where, a s  before ,  A i s  t h e  s u r f a c e  a rea  of t h e  r i n g  system. I f  
t h e  t o t a l  monochromatic r a d i a t i o n  s c a t t e r e d  by t h e  r i n g  i s  denoted 

by LRing, we have 

- 3.0 
'lCing ' - J Sa tu rn  Q 

where Q i s  t h e  monochromatic Bond albedo of t h e  r i n g  ( i .  e. t h e  
f r a c t i o n  of t h e  i n c i d e n t  r a d i a t i o n  s c a t t e r e d  i n t o  a l l  s o l i d  
ang les  by t h e  r i n g  m a t e r i a l ) .  Since it i s  u n l i k e l y  t h a t  t h e  
r i n g  w i l l  s c a t t e r  t h e  i n c i d e n t  r a d i a t i o n  i s o t r o p i c a l l y ,  we w i l l  
d e f i n e  t h e  "gainf', G, i n  t h e  d i r e c t i o n  of t h e  Ear th  a s  

G = I n t e n s i t y  of r a d i a t i o n  s c a t t e r e d  towards t h e  E a r t h  
I n t e n s i t y  i f  t h e  r a d i a t i o n  were i s o t r o p i c a l l y  s c a t t e r e d  

Denoting t h e  monochromatic Sa tu rn  r i  
Ring and the  Saturn-ear th  d i s t anc  F ~ a r  thy 

Ring 1 
F ~ a r t h  ' . 7 'Ring 

4 n ~  

In t roducing  t h e  apparent  monochromatic magnitudes of t h e  sun  

and t h e  r i n g  system a s  mo and 
m ~ i n g '  

r e s p e c t i v e l y ,  w e  can w r i t e  
t h e i r  d i f f e r e n c e  a s  

Using t h e  d e f i n i t i o n  of t h e  magnitude s c a l e ,  we can r e w r i t e  

equa t ion  (9) a s  

6m = 2.5  loglO 'Earth 
Ring 

i F ~ a r t h .  

I l l  R E S E A R C H  I N S T I T U T E  
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U t i l i z i n g  equat ions ( 3 )  through ( l o ) ,  we can show t h a t  

. 
2 

s i n  8 10 0.4 6m 
R ~ a r t h  A 

Equation (11) enables  us t o  c a l c u l a t e  t h e  product of t h e  ga in  

and Bond albedo f o r  t h e  r i n g  system, as  a func t ion  of phase 

angle,  d i r e c t l y  from photometry of t h e  phase e f f e c t .  The 

" sca t t e r i ng  product", GQ, app l ies  no t  only t o  t he  r i n g  system 

a s  a whole bu t ,  on average, t o  each element of i t s  sur face  area .  
I n  de r iv ing  equat ion ( l l ) ,  w e  have t a c i t l y  assumed t h a t  

t h e  su r f ace  dens i t y  i s  uni ty .  But, when t h e  r i ngs  a r e  widest  

open, we expect t h e  l ine -of - s igh t  o p t i c a l  thickness t o  be  

everywhere s o  low t h a t  only a f r a c t i o n  of each element of su r face  

area  p ro jec ted  on t h e  plane of t h e  sky i s  apparent ly  covered by 

p a r t i c l e s .  Both mutual shadowing and mul t ip le  s c a t t e r i n g  a r e  

expected t o  be i n s i g n i f i c a n t ,  s o  that each p a r t i c l e  may be 

considered t o  s c a t t e r  t h e  inc iden t  r a d i a t i o n  independently of 

i t s  neighbors.  Consequently, t h e  " s ca t t e r i ng  products" of each 

element of su r f ace  area  and of each r i n g  p a r t i c l e  a r e  then 

d i r e c t l y  r e l a t e d  through t h e  su r f ace  dens i ty .  Denoting t h e  

"gain" of each p a r t i c l e  by g, and t h e  s i n g l e  s c a t t e r i n g  albedo 

by q ,  we have 

where, a s  before,  S i s  t h e  su r face  dens i ty .  Using equat ion (2) ,  

w e  can rewrite equat ion  (12) a s  

l i T  R E S E A R C H  INSTITUTE 
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Using an obvious notation, we can rewrite equation (13) for the 
special case of zero phase angle as 

But, we know that 

u sca V 

= - sca - - 
'sca + Oabs '~xt 

where osca, Dabs and O ~ x t  are, respectively, the scattering, 
absorption, and extinction cross-sections of the particle. 
Using the scattering and extinction efficiencies, Ksca and 

K~~ respectively, defined by DEIRMENDJIAN (1969), we have 

where o is the geometrical cross-section of the particle, In 
the special case of zero phase angle, the "gain" of the particle 
can be written 

where I$, is i.ts backscattering efficiency defined by 
DEIRMENDJIAN (1969) in terms of the "radar cross-section, %o. 

Equation (14) may now be rewritten as 

I I T  R E S E A R C H  I N S T I T U T E  



Equat ion (19) i s  fundamental i n  our de terminat ion  of t h e  
c h a r a c t e r i s t i c  s i z e  of t h e  r i n g  p a r t i c l e s .  It r e l a t e s  t h e  b a s i c  
s c a t t e r i n g  parameters of each r i n g  p a r t i c l e  d i r e c t l y  t o  ground- 

based photometry of t h e  r i n g  system. Even f o r  t h e  denses t  r eg ion  

of t h e  r i n g  system, w e  have reason t o  b e l i e v e  t h a t  

s o  t h a t  equa t ion  (19) can  be  r e w r i t t e n  a s  t h e  i n e q u a l i t y  

Photometric da ta  on t h e  v a r i a t i o n  of t h e  apparent  v i s u a l  
magnitude of t h e  r i n g  system w i t h  phase angle ,  obtained by 

FRANKLIN and COOK (1965), may be used t o  d e r i v e  t h e  corresponding 
v a r i a t i o n  of t h e  s c a t t e r i n g  product,  GQ, f o r  r i n g  B. A t t e n t i o n  

i s  concent ra ted  on r i n g  B s i n c e  it i s  t h e  dominant f e a t u r e  of 

t h e  r i n g  system. Due allowance must be made f o r  t h e  f r a c t i o n a l  
c o n t r i b u t i o n  r i n g  B makes t o  t h e  b r i g h t n e s s  of t h e  e n t i r e  r i n g  
system. Weighting of t h e  da ta  must inc lude  use of t h e  a p p r o p r i a t e  

s u r f a c e  a rea  of r i n g  B. Correc t ions  f o r  changes i n  t h e  Saturn- 
E a r t h  d i s t a n c e  a r e  n o t  necessary;  F r a n k l i n  and Cook ad jus ted  a l l  

t h e i r  photometric da ta  t o  r e f e r  t o  t h e  d i s t a n c e  a t  oppos i t ion ,  
which occurred dur ing  t h e  n i g h t  of 1959 June 25/26. 

I l T  R E S E A R C H  I N S T f T U T E  
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FIGURE 3. RING B SCATTERING FUNCTION GO _V_ PHASE 
ANGLE ; VISUAL (YELLOW 1 WAVELENGTHS 

0 I 2 3 4 5 6 7 8 9 
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The fractional contribution ring B makes to the brightness 
of the entire ring system may be obtained from the radial profile 
of surf ace brightness at visual wavelengths given by DOLLFUS (1961b), 
and reproduced here in Figure 2. The radial profile Dollfus 
obtained is of direct relevance to the Franklin and Cook obser- 
vations, since both sets of data were obtained for similar 
conditions of shadowing within the ring. The contributions of 
the component rings to the total brightness of the system are 
in the ratios Ring A: Ring B: Ring C:: 0.335: 0.628: 0.038. The 
ratio of the brightness of ring A to that of ring B is 0.532; 
in comparison, FRANKLIN and COOK (1965) obtained 0.398 - + 0.003, 
but their value is in fact the ratio of the brightness of ring A 
to the sum of the brightnesses of rings B and C. The surface 
area of ring B was obtained using the radii of the inner and 
outer edges given by ALLEN (1963). The apparent visual magnitude 
of the sun was also taken from ALLEN (1963). Figure 3 shows the 
resultant phase angle variation of GQ for ring B at visual (yellow) 
wavelengths. A smooth curve may be drawn through the data and 
extrapolated without difficulty to zero phase angle. We obtain, 

Us ing equation (2 I), we have 

From the MIE (1908) theory of scattering, the "scattering 
function", Kb for each ring particle depends only on its 

T ' 

refractive index and on its radius in relation to the wavelength 
of the incident radiation. To relate the radius, r, of the 
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FIGURE 4 U I E  S C I T - E R l h G  F W  OlCLEClRlC SPwLRES OC 
REFRPSTIVE I k D E X  I  311 fUCKSCATTERING 
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FIGURE 5.  MIE SCATTERING FOR DIELECTRIC SPHERES OF REFRACTIVE INDEX 1.31: 
EXTINCTION EFFICIENCY, KLX , Y SIZE PARAMETER, X .  



FIGURE 6 .  M I E  SCATTERING FOR DIELECTRIC SPERES OF 
REFRACTIVE INDEX,  1.31: SCATTERING FUNCTION, 
K,/K& , y SIZE PARAMETER, X .  



p a r t i c l e  t o  t h e  wavelength, 1, of t h e  i n c i d e n t  r a d i a t i o n ,  a  s i z e  

parameter,  x, i s  cus tomar i ly  def ined,  such t h a t  

S ince  w e  have assumed t h a t  t h e  p a r t i c l e s  a r e  c l e a r  ice-spheres ,  
t h e  r e f r a c t i v e  index i s  a l r e a d y  s e t  a t  1.31, t h e  va lue  f o r  i c e  

a t  a  wavelength of 0.55 p.  The only  f r e e  parameter i s  t h e n  t h e  

p a r t i c l e  r ad ius .  
The M i e  s c a t t e r i n g  parameters,  Kb and KEX, w e r e  c a l c u l a t e d  

f o r  d i e l e c t r i c  spheres  of r e f r a c t i v e  index 1 .31  over t h e  s i z e  
range 0.01 < x  < 100 a t  Ax i n t e r v a l s  of 0.01. The main r e s u l t s  
a r e  p l o t t e d  i n  F igures  4 and 5,  f o r  Kb and KEX r e s p e c t i v e l y .  The 

q u o t i e n t  Kb i s  p l o t t e d  i n  F igure  6 f o r  x  < 10. Large va lue  of 
Y 

Kb 
&EX 

-2 correspond t o  smal l e r  va lues  of x and v i c e  versa .  For x > 10, 

'EX 

Kb 
-2 o s c i l l a t e s  about an equ i l ib r ium value  of 0.5. For Kb >> 0.275, 

'EX 2  'EX 

w e  r e q u i r e  x 2 1.7. For a  wavelength of 0.55 p, equat ion  (24) 
g ives  an  upper l i m i t  t o  t h e  c h a r a c t e r i s t i c  r ad ius  of t h e  r i n g  

p a r t i c l e s  of 0.148 p. Such a  smal l  r a d i u s  implies  t h a t  t h e  

apparent  su r face  d e n s i t y  i s  l e s s  t h a n  t h e  geometr ical  s u r f a c e  

d e n s i t y  s i n c e  f o r  x  6 1.7, KEX s 0.392 (cf :  equat ion  ( 2 ) ) .  
Measurements of t h e  s p e c t r a l  r e f l e c t i v i t y  of r i n g  B 

throughout t h e  v i s u a l  region,  made by LEBOFSKY, JOHNSON arid 
McCORD (1970), may be  used t o  t e s t  t h e  v a l i d i t y  of t h e  r i n g  
model. T h e o r e t i c a l  p r e d i c t i o n s  of s p e c t r a l  r e f l e c t i v i t y  can 
be r e s t r i c t e d  t o  t h e  c a s e  of ze ro  phase angle ,  s i n c e  ~ e b o f s k y  e t  a 1  
found no apprec iab le  phase v a r i a t i o n  i n  t h e i r  observa t ions .  

Because t h e  r i n g s  were observed dur ing  t h e  1969 a p p a r i t i o n  of 
Saturn,  when t h e  s o l a r  i l l u m i n a t i o n  angle  was l a r g e  (0  - 17"), 
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t h e o r e t i c a l  p r e d i c t i o n  of t h e i r  s p e c t r a l  r e f l e c t i v i t y  i s  

r e l a t i v e l y  s t r a igh t fo rward ;  we may assume t h a t  t h e  l i n e - o f - s i g h t  

o p t i c a l  th i ckness  a t  v i s u a l  wavelengths was then  low everywhere 

i n  t h e  system. To a  good approximation, t h e  monochromatic s u r f a c e  

b r igh tness  of r i n g  B a t  zero  phase ang le  t h e n  depended only  on 

t h e  t o t a l  b a c k s c a t t e r i n g  c r o s s - s e c t i o n  of t h e  p a r t i c l e s  

( c f :  DEIRMENDJIAN (1969)). The s p e c t r a l  r e f l e c t i v i t y  should,  

t h e r e f o r e ,  fo l low t h e  f u n c t i o n a l  form of t h e  v a r i a t i o n  w i t h  

wavelength of t h e i r  back s c a t t e r i n g  e f f i c i e n c y  Kb. T h e o r e t i c a l  

p r e d i c t i o n s  of t h e  s p e c t r a l  r e f l e c t i v i t y  were made us ing  t h e  

M i e  t heory  f o r  d i e l e c t r i c  spheres  of uniform rad ius  and w i t h  

r e f r a c t i v e  index 1.31. Rad i i  i n  t h e  range 0.05 y - 0.2 p were 

used. Best agreement between observat ion  and theory  was obta ined  

f o r  a  r ad ius  of 0 . 1  p. For v e r y  much l a r g e r  p a r t i c l e s ,  t h e  

s p e c t r a l  r e f l e c t i v i t y  curve was f l a t ;  f o r  smal ler  p a r t i c l e s ,  t h e  

owards t h e  u l t r a v i o l e t  was f a r  more 

d. In  F igure  7,  t h e o r e t i c a l  p r e d i c t i o n s  

f o r  r i n g  p a r t i c l e s  of r a d i u s  0.1 u a r e  compared w i t h  observat ion.  
Like t h e  o b s e w a t  ions ,  t h e  t h e o r e t i c a l  p r e d i c t i o n s  have been 

normalized a t  0.564 p. Theory fo l lows t h e  genera l  run  of t h e  

observat ions  f o r  wavelengths l e s s  t h a n  - 0.5 p. Note t h a t  t h e  

suspected  hook i n  t h e  observat ions  near  0.3 p i s  predic ted .  

S i g n i f i c a n t  d i sc repanc ies  between theory  and observat ion  do, 

however, occur i n  t h e  r e d  and i n f r a r e d  regions  of t h e  spectrum. 

The o r i g i n  of t h e s e  d i sc repanc ies  w i l l  be  poin ted  out  below. 

Nevertheless ,  F igure  7 sugges ts  t h a t  t h e  observed decrease  i n  

t h e  r e f l e c t i v i t y  of r i n g  B towards b l u e  and u l t r a v i o l e t  wavelengths 

i s  a  consequence, no t  of absorp t ion  w i t h i n  t h e  p a r t i c l e s ,  b u t  of 

t h e i r  smal l  s i z e  i n  r e l a t i o n  t o  t h e  wavelength of t h e  i n c i d e n t  
r a d i a t i o n .  There i s  no n e c e s s i t y  t o  suppose t h a t  t h e  r i n g  

p a r t i c l e s  a r e  composed of m a t e r i a l  o t h e r  than  pure water  i c e .  

F igure  7 f u r t h e r  sugges ts  t h a t  t h e  c h a r a c t e r i s t i c  r a d i u s  of t h e  

r i n g  p a r t i c l e s  i s  0.1 u. 

I l l  R E S E A R C H  I N S T I T U T E  
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Undoubtedly t h e  r i n g  system conta ins  p a r t i c l e s  w i th  r a d i i  

l a r g e r  and smal ler  than t he  est imated c h a r a c t e r i s t i c  value. That 

t h e  r i ngs  might i n  f a c t  be composed of a  monolayer of predominantly 

ve ry  l a r g e  p a r t i c l e s ,  w i th  small  s c a l e  su r face  roughness, i s  

suggested by t h e  experimental discovery by OETKING (19661, and 

confirmed by HAPKE (19661, t h a t  many substances i n  widely varying 

condi t ions  e x h i b i t  a  pronounced br ightness  maximum i n  t h e  

backsca t t e r ing  d i r e c t i o n .  Large p a r t i c l e s  a r e ,  however, d i f f i c u l t  

t o  reconc i le  w i th  our ana lys i s .  For p a r t i c l e s  wi th  r a d i i  very 

much l a r g e r  than t h e  wavelength of l i g h t ,  Mie theory requ i res  -- 
Kb 
-2 - 0.5, i ncons i s t en t  wi th  equat ion (23) .  However, i f  t he  

%X 
r i n g  system should not  be o p t i c a l l y  t h i n ,  l a r g e  p a r t i c l e s  cannot 

be  e n t i r e l y  ru l ed  out .  

Three fragments of information suggest  t h a t  p a r t i c l e s  

w i th  r a d i i  l a r g e r  than t h e  c h a r a c t e r i s t i c  va lue  a r e  indeed present  

i n  t h e  r ings .  F i r s t ,  t h e  pronounced phase e f f e c t  a t  v i s u a l  

wavelengths cannot be explained by t h e  M i e  theory  i f  t h e  ice-  

p a r t i c l e s  a r e  of uniform rad ius  0.1 y; p a r t i c l e s  wi th  r a d i i  i n  

t h e  range 1 p - 10  p a r e  needed. One should bear  i n  mind, 

however, t h a t  smal l  i c e  c r y s t a l s  a r e  un l i ke ly  t o  be pe r f ec t  

spheres.  Consequently, Mie theory may not  be s t r i c t l y  appl icable .  

Cer ta in ly ,  t h e  c h a r a c t e r i s t i c  r ad ius  of t h e  r i n g  p a r t i c l e s  i s  
no t  s o  small  t h a t  t h e i r  shape w i l l  not  a f f e c t  t h e i r  s c a t t e r i n g  

p rope r t i e s  a t  v i s u a l  wavelengths. It is ,  the re fore ,  conceivable 

t h a t  t h e  observed phase e f f e c t  may r e s u l t  from the  shape of t h e  

p a r t i c l e s  r a t h e r  t han  from t h e i r  s i z e -d i s t r i bu t i on .  Second, 

t h e  spectrophotometric de t ec t i on  of s t r ong  i n f r a r e d  band 

absorpt ion  c h a r a c t e r i s t i c  of water- ice seems t o  requ i re  t h e  

presence of p a r t i c l e s  w i t h  r a d i i  g r e a t e r  than  - 0.1 p; 

CRUIKSHANK (1971) has pointed  out  t h a t  such s t rong  bands cannot 

be  produced i n  t h e  l abora to ry  unless  t h e  s c a t t e r i n g  i c e - p a r t i c l e s  

have r a d i i  g r e a t e r  than  1 p o  Third, F igure  7 i nd i ca t e s  t h a t ,  

l i t  R E S E A R C H  i N S T i T U T E  



f o r  Mie theory  t o  accura te ly  p r ed i c t  t h e  s p e c t r a l  r e f l e c t i v i t y  

of t h e  r i ngs  i n  t h e  red  and i n f r a r ed  region, t he  r i n g  model 

n w s t  inc lude  some p a r t i c l e s  wi th  r a d i i  - 1 y. Micron-size 

p a r t i c l e s  may, the re fore ,  e x i s t  w i th in  t he  r i n g  system. I f  

indeed they do, p a r t i c l e s  w i th  r a d i i  smal ler  than t he  c h a r a c t e r i s t i c  

va lue  must a l s o  be present  t o  counterbalance t h e i r  o p t i c a l  e f f e c t s .  

I n  p r i nc ip l e ,  i n t e r p r e t a t i o n  of t h e  phase e f f e c t  and 

s p e c t r a l  r e f l e c t i v i t y  curve should enable us t o  der ive  t he  

probable s i z e  d i s t r i b u t i o n  of t h e  p a r t i c l e s .  Unfortunately, 

t h e  c u r r e n t l y  acce s s ib l e  range i n  phase angle i s  i n s u f f i c i e n t  

f o r  u se fu l  information t o  be obtained, p r imar i ly  because t h e  

func t iona l  form of t h e  d i s t r i b u t i o n  must neces sa r i l y  be a  

matter  f o r  sheer  specula t ion .  Fur ther  d i f f i c u l t i e s  a r i s e  i n  

t h e  i n t e r p r e t a t i o n  if the  p a r t i c l e s  a r e  non-spherical.  Addit ional  

s p e c t r a l  r e f l e c t i v i t y  measurements a r e  a l s o  required  i n  t he  

u l t r a v i o l e t  and i n £  rared .  No at tempt has, theref  ore,  been made 

t o  derive t h e  s i z e  distribution of t h e  p s r t i c l e s .  

Serious ques t ions  a r i s e  concerning t h e  longevi ty  of t h e  

r i n g  system i f  t h e  p a r t i c l e s  a r e  i c e  c r y s t a l s  of c h a r a c t e r i s t i c  

r ad ius  0.1 v. Although t he  r i ngs  would then be s t a b l e  aga ins t  

t h e  d i s rup t i ve  in f luence  of r a d i a t i o n  pressure ,  e f f e c t s  of 

spu t t e r i ng  and thermal evaporat ion must be considered. HARRISON 

and SCHOEN (1967) have pointed out  t h a t  s p u t t e r i n g  by u l t r a v i o l e t  

r a d i a t i o n  and proton bombardment would erode severa l ,  and poss ib ly  

many cent imeters  of ma te r i a l  from t h e  su r faces  of t h e  p a r t i c l e s  

i n  s eve ra l  b i l l i o n  years .  By way of comparison, aWEN (1965) has 

shown t h a t  thermal evaporat ion i s  r e l a t i v e l y  i n s ign i f i c an t .  

Meteoroidal bombardment must a l s o  be considered. Studies  by 

COOK and FRANKLIN (1970) and by BANDERMANN and WOLSTENCROFT 

(1969) suggest t h a t  meteoroidal bombardment may have d r a s t i c a l l y  

a l t e r e d  t h e  phys ica l  s t r u c t u r e  of t h e  r i n g  system over t h e  age 

of t h e  s o l a r  system. Probably, a  s teady and u l t imate ly  over- 

whelming accumulation of meteor i t i c  ma te r i a l  may have occurred; 

some e ros ion  of t h e  o r i g i n a l  r i n g  ma te r i a l  must c e r t a i n l y  have 
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t a k e n  p lace .  But whether accumulation or  e r o s i o n  dominated 
remains unce r t a in .  I n - e l a s t i c  c o l l i s i o n s  between i n c i d e n t  

m e t e o r i t i c  mat ter  and t h e  o r i g i n a l  r i n g  m a t e r i a l  could,  through 

e ros ion ,  have caused a  genera l  r educ t ion  i n  t h e  c h a r a c t e r i s t i c  

r a d i u s  of t h e  p a r t i c l e s .  P a r t i c l e - p a r t i c l e  c o l l i s i o n s  w i t h i n  t h e  

r i n g  system may have r e s u l t e d  i n  su r face  e r o s i o n  a l s o .  I n  t h i s  

connect ion,  r e c e n t  s t u d i e s  of t h e  dynamics of t h e  r i n g  p a r t i c l e s ,  

by FRANKLIN and COLOMBO (1970), i n d i c a t e  t h a t  p a r t i c l e - p a r t i c l e  

c o l l i s i o n s  w i l l  occur  provided t h a t  t h e  p a r t i c l e  r a d i i  a r e  l e s s  

t h a n  N LOO meters.  On t h e  b a s i s  of t h e s e  cons ide ra t ions ,  i t  

appears  t h a t  t h e  p h y s i c a l  s t r u c t u r e  of t h e  r i n g s  may have evolved 

cons iderably  over t h e  l i f e t i m e  of t h e  system. Indeed, t h e  

s t r u c t u r e  may s t i l l  be  evolving. That t h e  p r e s e n t  s t a t e  of t h e  

r i n g  system appears t o  be an ensemble of t i n y  i c e  c r y s t a l s  may, 

t h e r e f o r e ,  no t  be s o  s u r p r i s i n g ;  it may simply be t h e  r e s u l t  

e a r s  of evolu t ion .  Whether i n  f a c t  t h e  

adius of t h e  r i n g  p a r t i c l e s  has evolved i s  a  - 
q u e s t i o n  t h a t  can be answered only  a f t e r  a  thorough knowledge 

of t h e  s ize-and shape-d i s t r ibu t ions  of t h e  p a r t i c l e s  has been 

obtained.  A t  t h e  p r e s e n t  time, it appears t h a t  such knowledge 

can  be obtained only  by i n  s i t u  sampling of t h e  r i n g s .  
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4 .  NAVIGATIONAL HAZARD 

The Saturn  r i n g  system presents  a  p o t e n t i a l  navigat ional  

hazard; mul t ip le  c o l l i s i o n s  w i th  t he  r i n g  p a r t i c l e s  might s eve r ly  
damage a  spacecra f t  pass ing through t he  r i n g  plane. To ob ta in  

a  conservat ive  es t imate  of t h e  ser iousness  of t h e  hazard, it 

w i l l  be assumed t h a t  t h e  spacecra f t  i n t e r s e c t s  t h e  densest  region 
, of t h e  r i n g  system ( r i ng  B) .  

Of fundamental s i gn i f i c ance  i n  evaluat ing  t he  hazard 
a re :  

1. The c h a r a c t e r i s t i c  r ad ius ,  r, and ind iv idua l  mass, my 

of t h e  r i n g  p a r t i c l e s .  

2. The t o t a l  number, n ,  of p a r t i c l e s  projec ted  on u n i t  

a rea  of t h e  r i n g  plane. 

egra ted  mass, M, of t h e  p a r t i c l e s  pe r  u n i t  

khe r i n g  plane. 

On t h e  assumption t h a t  t h e  r i n g  p a r t i c l e s  a r e  sphe r i ca l  
and of uniform s i z e ,  t h e  c h a r a c t e r i s t i c  ind iv idua l  mass i s  
given by 

where f i s  t h e  dens i t y  of t h e  ma te r i a l  i n  each p a r t i c l e .  

Since we have reason t o  be l i eve  t h e  su r face  dens i ty ,  S,  

i s  l e s s  than  u n i t  throughout t h e  r i n g  system, t h e  t o t a l  number 
of p a r t i c l e s  p ro jec ted  on u n i t  a rea  of t he  r i n g  plane i s ,  q u i t e  
genera l ly ,  given by 
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The in t eg ra t ed  Inass of t h e  p a r t i c l e s  pe r  u n i t  a rea  of t h e  

r i n g  plane i s  given by 

Subs t i t u t i ng  equations (25) and (26) i n t o  equat ion  (27), we obta in  

M = 
4 S.  r . ~  (28) 

S u b s t i t u t i n g  t h e  bas ic  parameters of our r i n g  model, namely, 

i n t o  equat ions ( Z f ) ,  (26) arid (281, we obcain 

On t h e  b a s i s  of t h e  model discussed i n  Sect ion  3, the  

amount of ma te r i a l  p ro jec ted  on each square meter of t h e  r i n g  

plane i s  neg l i g ib l e .  Although t h e  number of p a r t i c l e s  pe r  
1 3  square meter i s  l a r g e  (- 10 ), t h e i r  average rad ius  i s  small  

(- 0. ly) and t h e i r  ind iv idua l  mass i s  t i n y  (N 10- l5 gm) ; t h e  

i n t e g r a t e d  mass pe r  square meter of t h e  r i n g  su r f ace  i s  only - 0.1 gm. 

To i l l u s t r a t e  t h e  apparent i n s ign i f i c ance  of t h e  

nav iga t iona l  hazard, cons ider  t h e  case  of a  TOPS-class spacecra f t  
2  (weight I500 l b s  (675 kg) ;  c ross - sec t iona l  area  20 m ) i n t e r s e c t i n g  
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t h e  denses t  r eg ion  of r i n g  B, while  on a  4-planet  Grand-Tour 

(JSUN) mission. From ROBERTS (1969), t h e  t r a j e c t o r y  f o r  such 
a  mission i n t e r s e c t s  r i n g  B a t  an  angle 29O.2 t o  t h e  r i n g  plane, 

a t  a  d i s t ance  1.81 Saturn e q u a t o r i a l  r a d i i  from t h e  cen t e r  of 
t h e  p l ane t  (cf :  Figures 1 and 2) .  The v e l o c i t y  of t he  spacecra f t  

w i t h  r e spec t  t o  t h e  p l ane t  i s  30 kms sec - I  i n  t he  posigrade 

d i r e c t i o n .  Since t h e  r i n g  p a r t i c l e s  a r e  c i r c l i n g  t h e  p l ane t  

a t  a  v e l o c i t y  - 20 kms s ec - l ,  t h e  r e l a t i v e  spacec ra f t -pa r t i c l e  
v e l o c i t y  i s  - 10 kms s e c - I  only. 

Ind iv idua l  spacecra f t - r ing  p a r t i c l e  c o l l i s i o n s  w i l l  
cause n e g l i g i b l e  damage t o  t h e  spacecra f t ;  t h e  mass of a  p a r t i c l e  

i s  - l omz5  gm, whi le  t h e  TOPS i s  designed t o  withstand impacts 

of p a r t i c l e s  of mass l e s s  than lom2  gm s t r i k i n g  a t  v e l o c i t i e s  - 20 kms sec - l .  Co l lec t ive ly ,  spacecra f t - r ing  p a r t i c l e  c o l l i s i o n s  

w i l l  a f f e c t  t h e  subsequent t r a j e c t o r y  of t h e  spacecra f t ;  i n t e r -  

change of momentum w i l l  cause a  smal l  change i n  t h e  spacecra f t  

ve loc i t y .  If a l l  spacecra f t - r ing  p d r k i c i e  collisions a r e  
5 i n e l a s t i c ,  t h e  v e l o c i t y  w i l l  be reduced by 1 p a r t  i n  2.5 x 10 , 

-1 o r  only 0.4 m s ec  . 
I f  t h e  spacec ra f t  should i n t e r s e c t  t h e  r i ngs  a t  an 

angle  a t o  t h e  r i n g  plane,  t h e  es t imates  of t h e  mass of ma te r i a l  

encountered, and of t h e  velocity-change experienced, should both  

be s ca l ed  by t h e  f a c t o r  csc  a. Clear ly ,  t h e  v e l o c i t y  of t h e  

spacec ra f t  w i l l  be c a t a s t r o p h i c a l l y  reduced i f  t h e  "fly-through" 

t r a j e c t o r y  i n t e r s e c t  t h e  r i n g  a t  a  ve ry  shallow angle.  
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CONCLUSIONS 

Pas t  dynamical and photometric s t ud i e s  of t h e  physica l  

s t r u c t u r e  of t he  r i n g  system have been subjec ted  t o  d e t a i l e d  

c r i t i c i s m ,  On t h e  b a s i s  of t h a t  c r i t i q u e ,  t h e  b e s t  of t h e  

a v a i l a b l e  photometric da ta  have been r e - i n t e rp re t ed  i n  terms 

of t h e  Mie theory  of s c a t t e r i n g .  A new r i n g  model has been 

developed; t h e  su r f ace  dens i t y  appears t o  be everywhere l e s s  

t han  un i ty ,  and t h e  p a r t i c l e s  appear t o  be i c e  c r y s t a l s  of 

c h a r a c t e r i s t i c  r ad ius  0.1 p. No r e l i a b l e  information has 

been obtained concerning t h e  probable s i z e - d i s t r i b u t i o n  of 

t h e  p a r t i c l e s .  The new r i n g  model has been used t o  es t imate  

t h e  ser iousness  of t h e  nav iga t iona l  hazard presented by t h e  

r i n g  system. Calcula t ions  suggest  t h a t  t he  r ings  a r e  probably 

not  a  s i g n i f i c a n t  hazard t o  spacecra f t .  However, t h a t  conclusion 

cannot be considered f i n a l .  Fur the r  s tudy of t h e  r i n g  model 

i s  requ i red ,  
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